Objective: Increased serum C-reactive protein (CRP), an independent predictor of coronary heart disease, was reported in women with polycystic ovary syndrome (PCOS). It remains unclear whether this finding is due to the association between PCOS and either insulin resistance, obesity, or androgen excess, which are all common features of this condition. The aims of this study were to assess whether increased serum CRP is a specific feature of PCOS and to investigate the mechanisms underlying this association. Design and methods: Serum high-sensitivity CRP (hs-CRP) was measured in 86 hyperandrogenic women (age 21.6G4.2 years, body mass index (BMI) 23.6G3.5 kg/m 2 ), 50 with PCOS and 36 with idiopathic hyperandrogenism (HA). Thirty-five BMI-matched healthy women were also studied as controls. In these subjects, endocrine and metabolic profiles were assessed. In all hyperandrogenic subjects and 14 controls, insulin sensitivity was measured by the glucose clamp technique. Body fat was measured by bioelectrical impedance. Results: Hs-CRP concentrations were higher in PCOS women (3.43G2.01 mg/l) than in HA subjects and healthy women (2.43G1.04, P!0.005; and 2.75G0.86 mg/l, P!0.05 respectively versus PCOS). In multiple regression analyses, increased serum hs-CRP was independently predicted by higher body fat and lower insulin sensitivity. However, in lean women, serum-free testosterone was an additional, negative, predictive variable. Conclusions: PCOS is accompanied by a low-grade chronic inflammation. Body fat appears the main determining factor of this finding, which is only partly explained by insulin resistance. At least in lean women, androgen excess per se seems to play an additional, possibly protective, role in this association.
Introduction
A number of studies indicate that serum high-sensitivity C-reactive protein (hs-CRP) is a novel independent cardiovascular risk factor (1) . This protein, synthesized by the liver, is a sensitive and stable marker of low-grade chronic inflammation, a key process in the pathogenesis of atherosclerosis (2) . Hs-CRP serum concentration, even within the normal range, independently predicted myocardial infarction and ischemic stroke in subjects of the general population -either with or without classical cardiovascular risk factors -as well as in patients with cardiovascular disease (3) (4) (5) . More recently, hs-CRP levels have also been linked to insulin resistance and the associated features (6, 7) . In the general population, hs-CRP levels increase as a function of the number of metabolic alterations and are associated with the metabolic syndrome, a cluster of metabolic disorders that increases the risk of atherosclerosis (8) . In addition, large prospective studies showed that hs-CRP independently predicted risk for type 2 diabetes (9, 10) .
Some previous studies assessed serum hs-CRP levels in young women with polycystic ovary syndrome (PCOS), a clinical disorder characterized by hyperandrogenism and ovarian dysfunction. Many of these women show a cluster of cardiovascular risk factors, such as obesity, insulin resistance, lipid abnormalities, hypertension, and abnormal glucose tolerance (11) , suggesting that they may have an increased cardiovascular risk later in life. Several of these studies showed higher levels of serum hs-CRP in PCOS women, as compared with controls (12) (13) (14) (15) (16) (17) (18) (19) (20) . However, this finding was not confirmed by other studies (21) (22) (23) (24) (25) . The reasons for these discrepancies are not readily understood.
Most studies carried out in PCOS women examined obese subjects and reported a relationship between hs-CRP levels and body weight (13, 16, 22, 26) . As hs-CRP production in the liver is modulated by some adipokines, such as interleukin-6 and tumour necrosis factor a, some authors have hypothesized that increased body fat may be the mechanism underlying the association between increased serum hs-CRP and PCOS. However, some studies have reported increased serum hs-CRP also in nonobese PCOS subjects (12, 15) , or after adjusting for body fat (19) . It still remains unclear whether insulin resistance, androgen excess, or other undefined aspects linked to the PCOS status may affect this feature.
As hyperandrogenism is often diagnosed in young subjects, before the onset of a full-blown metabolic syndrome and possibly of atherosclerosis (27) , hyperandrogenic women offer a unique model to study the relationships between insulin resistance and markers of inflammation in an early phase of their natural history, also allowing us to evaluate the potential role of androgens in this association.
There were two aims in this study: i) to assess whether increased serum hs-CRP is a specific feature of PCOS; and ii) to investigate which factors predict lowgrade inflammation in hyperandrogenic subjects.
Materials and methods

Subjects
Eighty-six hyperandrogenic women (age 21.6G4.2 years, body mass index (BMI) 23.6G3.5 kg/m 2 ), referred to the Division of Endocrinology and Metabolism of Verona Hospital, Italy -a tertiary care academic medical center -for hirsutism (modified Ferriman-Gallwey score R8) and/or hyperandrogenic oligoamenorrhea (!8 menses per year) were included in the study. Androgen-secreting tumors, congenital adrenal hyperplasia, thyroid dysfunction, hyperprolactinemia, Cushing's syndrome, and diabetes mellitus were ruled out in all subjects. According to both the Rotterdam criteria (28) and the NIH criteria (29) , 50 of these women had PCOS. The other 36 patients, not fulfilling criteria for PCOS diagnosis and classified as idiopathic hyperandrogenism (HA), had hirsutism with normal or increased serum androgens, ovulatory menses, and normal ultrasonographic morphology of the ovaries. In this subgroup of women, 18 were hyperandrogenemic and 18 were normoandrogenemic.
All women were studied in the early follicular phase of the menstrual cycle, or after at least 3 months of amenorrhea. None of the women were suffering from any other disease, including recent infectious diseases, or had been taking metformin, oral contraceptives, or any other medications (including statins or acetylsalicylic acid) potentially interfering with the study in the previous 6 months.
Thirty-five BMI-matched healthy nonhirsute women, without polycystic ovaries and with regular ovulatory cycles, served as controls. Matching was based on BMI ranges versus the entire cohort of hyperandrogenic women. The control group included lean volunteers and women referred to the outpatient clinic of the same medical center for simple obesity.
All subjects gave their informed consent to the study that was conducted in accordance with the Helsinki Declaration and approved by our local Ethical Committee.
Protocol
A complete physical examination, including measurement of hirsutism score (30) , height, weight, systolic, and diastolic blood pressure, was carried out in all subjects.
Blood samples for endocrine and metabolic parameters and hs-CRP assay were collected at w0800 h, after overnight fasting. The endocrine profile comprised assessment of total and free testosterone, DHEAS, gonadotropins, and 17-hydroxyprogesterone. In addition, response to a GnRH agonist challenge (31) was carried out by measuring gonadotropins and 17-hydroxyprogesterone on blood drawn 24 h after s.c. injection of 100 mg buserelin (Suprefact, Hoechst Roussel, Milan, Italy).
The metabolic profile comprised the measurement of serum lipids (total, low density lipoprotein and high density lipoprotein cholesterol, triglycerides) and plasma glucose, and insulin measurement at 0, 30, 60, and 120 min during an oral glucose tolerance test, performed according to the WHO procedures (32) .
Insulin sensitivity was measured by the hyperinsulinemic euglycemic clamp technique, as previously described (33) . Briefly, after overnight fasting, a continuous insulin infusion (Humulin R, Lilly, Indianapolis, IN, USA) was started and maintained at a constant rate of 80 mU/kg!min for 120 min. Euglycemia was maintained throughout the test by a variable infusion of 20% dextrose, adjusted by monitoring plasma glucose levels in arterialized venous blood every 5-10 min. As in nondiabetic hyperandrogenic women and controls, endogenous glucose production is negligible at this insulin infusion rate (33) , the amount of glucose infused into each subject may be considered equivalent to the whole body insulin-mediated glucose uptake. Because muscle is responsible for most insulininduced glucose metabolism (34) , glucose disposal data were expressed per fat-free mass, as assessed by bioelectrical impedance (BIA 103, Akern, Florence, Italy) (35) . Glucose and lipid oxidation during the clamp studies, at baseline and during hyperinsulinemia, was measured by indirect calorimetry (36), as previously described (33) .
Assays
Serum steroids, gonadotropins, insulin, lipids, and plasma glucose were assayed, as previously described (33) . Serum hs-CRP was determined by a highly sensitive method (Dimension RxL, Dade, Behring, Italy). The intra-and interassay coefficients of variation for this assay were 3.0 and 4.3% respectively.
Statistical analysis
ANOVA, followed by the Scheffé test for multiple comparisons, was used to compare groups of hyperandrogenic women and controls. Analysis of covariance was carried out to compare between groups CRP values and insulin sensitivity adjusted for age and BMI. Univariate and multiple regression analyses were used to correlate CRP levels with relevant hormonal and metabolic variables. In multiple regression analyses, age, fat mass, insulin sensitivity, and serum androgens (either free or total testosterone) or the PCOS status were included as independent variables. Additional independent variables were also included in some analyses, as indicated. Serum hs-CRP and other skewed variables were log-transformed before analysis to ensure normality of data and then back-transformed to their natural units for presentation in tables and figures.
Results are shown as the meanGS.D. P values %0.05 were considered statistically significant. Analyses were performed using Statview 5.0.1 software (SAS Institute, Cary, NC, USA).
Results
Physical and biochemical characteristics of the subjects categorized into PCOS, HA, and controls are shown in Table 1 . Age was significantly different between groups. BMI, fat mass, and fat-free mass were not statistically different in the two groups of hyperandrogenic subjects and controls.
Serum total and free testosterone was significantly increased in both groups of hyperandrogenic women as compared with controls. HA women had significantly higher DHEAS than controls. Women with PCOS, but not the HA women, had significantly higher serum 17-hydroxyprogesterone, at baseline and after GnRH agonist stimulation, than controls.
Systolic and diastolic blood pressure and triglycerides were higher in PCOS women than in controls. Fasting plasma glucose and insulin were not significantly different between groups. However, plasma glucose and insulin 2 h after oral glucose load were increased in both groups of hyperandrogenic women as compared with controls, though these differences were of borderline statistical significance in the HA group. Consistently, insulin-mediated glucose uptake in the glucose clamp was significantly lower in both groups of hyperandrogenic women (PCOS 10.3G2.8, HA 11.8G3.0 mg/kg fat-free mass!min) than in controls (13.9G2.8 mg/kg fat-free mass!min, P!0.01 versus PCOS, P!0.05 versus HA). A statistically significant difference was also found between PCOS and HA subjects (P!0.05). Differences in insulin sensitivity between groups were maintained after adjusting for age and BMI. No differences in serum hs-CRP, as well as in the anthropometric and metabolic features, were found when hyperandrogenemic and normoandrogenemic HA women were compared (see Table 1 of the Supplementary Materials section, which can be viewed online at http://www.eje-online.org/supplemental/). Table 1 Main characteristics of subjects under study (meanGS.D).
PCOS (nZ50)
HA ( In the whole population of hyperandrogenic women (PCOSCHA), body fat was negatively associated with the glucose clamp derived measure of insulin sensitivity (rZK0.21, P!0.05). However, a significant interaction was found between this relationship and the PCOS status (P!0.05). When this relationship was assessed separately in the two groups of hyperandrogenic women, a similar finding was found in the PCOS group (rZK0.39, P!0.01), but not in HA women (rZ0.18, PZ0.31).
Serum hs-CRP was significantly higher in PCOS (3.43G2.01 mg/l) than in HA women (2.43 G1.04 mg/l, P!0.005) and controls (2.75 G0.86 mg/l, P!0.05). However, no statistically significant difference was found between HA and controls (PZ0.37). Similar results were found after adjusting these data for age and BMI.
In the whole population under study, simple regression analyses showed several relationships between serum hs-CRP and metabolic and endocrine features ( Table 2) . Similar results were found when the whole sample of hyperandrogenic women (PCOSCHA) or PCOS women only were included in the analysis. Statistically significant relationships in these subgroups are reported in the Supplementary Materials section ( Table 2 , which can be viewed online at http://www.ejeonline.org/supplemental/). Conversely, no relationships between serum hs-CRP and these variables were found when either HA women or healthy controls were separately analyzed. However, the sample size of these subgroups was smaller.
In the whole population of women, serum hs-CRP was also negatively correlated with insulin sensitivity, as measured by the whole body insulin-stimulated glucose uptake in the glucose clamp (Fig. 1) . Moreover, serum hs-CRP was correlated with insulin-induced changes in the substrate oxidation during the clamp studies: the higher the serum hs-CRP, the lower the increase in glucose oxidation and the lower the suppression of lipid oxidation observed during hyperinsulinemia (Fig. 2) .
In multivariate analyses, when the main factors potentially influencing the inflammatory statusinsulin sensitivity, body fat, hyperandrogenism, and age -were included as independent variables, an activation of the inflammatory system was independently predicted, in the whole sample (controlsC PCOSCHA), by body fat, which was the main predictor of serum hs-CRP, clamp-derived measures of insulin sensitivity and age (Table 3) . Body fat and insulin sensitivity, but not age, were also the independent predictors of serum hs-CRP in the sample of hyperandrogenic women (PCOSCHA; Table 4), As a whole, 35-40% of total variance of serum hs-CRP was explained by this model. Similar results were obtained by substituting in the model body fat with BMI or free testosterone with either total testosterone or 17-hydroxyprogesterone after GnRH agonist stimulation (data not shown). Similarly, also substituting serum-free testosterone with the PCOS status did not substantially improve the model, and the PCOS status per se was not an independent predictor (Table 4 ). In the subgroup of PCOS women alone, again fat mass and insulin sensitivity were independent predictors of hs-CRP (Table 3 , Supplementary Materials section, which can be viewed online at http://www.eje-online. org/supplemental/). On the other hand, in HA women alone, free testosterone was the only statistically significant independent predictor of serum hs-CRP, whereas fat mass was of borderline significance. However, this analysis was constrained by the small sample size, and the variance explained by the model in this subgroup was only 21%. We also assessed the effect of inclusion of LH/FSH ratio and diastolic blood pressure, which showed statistically significant relationships with serum hs-CRP in univariate analyses, as additional independent variables. After inclusion of these variables in the model together with insulin sensitivity, fat mass, free testosterone and age, insulin sensitivity was no longer a predictor of serum hs-CRP (Table 4 , Supplementary Materials section, which can be viewed online at http:// www.eje-online.org/supplemental/). However, in addition to fat mass, LH/FSH ratio and free testosterone were independent predictors of inflammation both in the whole population and in the sample of hyperandrogenic subjects (PCOSCHA), whereas only fat mass remained independently associated with serum hs-CRP in the PCOS subgroup. Similar results were obtained by substituting in the model the diastolic with the systolic blood pressure (data not shown).
To further assess the effect of body fat on the inflammatory status, we analyzed separately our population according to BMI (%25 or O25 kg/m 2 ). When multivariate analyses were carried out in lean subjects (nZ75), the independent effect of body fat was lower, and free testosterone was an additional independent predictive variable (Table 5 ). In this model, increased serum-free testosterone was associated with lower serum hs-CRP levels. A similar, but not statistically significant, trend was obtained substituting serum-free testosterone with total testosterone (standard coefficient K0.25, PZ0.086) in the model, whereas serum DHEAS did not show any association with serum CRP (standard coefficient K0.01, PZ0.93). On the other hand, in overweight-obese women (nZ25), there was evidence of a prevalent effect of body fat (standardized coefficientZ0.424) and insulin sensitivity (standardized coefficientZK0.369). However, the limited sample size did not allow a reliable multivariate analysis in this subgroup.
Discussion
In the present study, we measured serum hs-CRP in both PCOS and HA women, and we found that only PCOS women had higher levels of this protein, when compared with BMI-matched controls. In this population of young hyperandrogenic women, a close relationship between serum hs-CRP and several classic cardiovascular risk factors was found. In particular, a positive correlation with body fat mass and blood pressure and a negative correlation with insulinmediated glucose uptake during the glucose clamp studies were observed. Some endocrine features typical of PCOS women, such as the LH/FSH ratio and the serum 17-hydroxyprogesterone response to GnRH agonist, were also associated with serum hs-CRP levels. In multiple regression analysis, when the main factors potentially influencing the inflammatory status (insulin sensitivity, body fat, serum androgens, and age) were included as independent variables, both fat mass and insulin resistance were independent predictors of the hs-CRP variance, whether considering the whole population of hyperandrogenic women or the PCOS subgroup alone. Age was an additional variable in the entire cohort (controlsCPCOSCHA). Increased adiposity is a common finding in PCOS women. Although the molecular mechanisms responsible for this association remain unclear, there is evidence that increased body fat has a negative impact on several clinical features of these women (37) . Consistently with previous data, our results support the hypothesis that, in these women, body fat has a major role also in stoking up a low-grade chronic inflammation, with the associated potential risk of atherosclerosis.
In our sample, PCOS status was not independently associated with serum hs-CRP, when insulin resistance -as measured by the glucose clamp, the gold standard method -was included in the multivariate analysis. A number of previous studies detected significant correlation between serum hs-CRP and either insulin levels or other surrogate indices of insulin resistance (12, 13, 15, 21, 22) . However, although these surrogate estimates correlate with glucose clamp derived measures of insulin sensitivity and are widely used in epidemiological studies, they are poor substitutes for direct measurements of insulin resistance (38) .
To the best of our knowledge, only two previous studies measured insulin sensitivity by the glucose clamp technique, in these analyses. Kelly et al. compared 17 obese women with PCOS -all with androgen excess and menstrual dysfunction -and 15 BMI-matched nonhyperandrogenic controls, reporting that differences in serum hs-CRP between groups were no longer significant after controlling for BMI and insulin sensitivity (12) ; in this study, serum androgens were not included in the analysis. Morin-Papunen et al. studied 52 PCOS women -32 obese and 20 nonobese, all with ultrasonographic evidence of polycystic ovaries and either menstrual dysfunction or hyperandrogenism (26) . In this study, in a multivariate analysis, serum hs-CRP was associated with BMI and waist-to-hip ratio (WHR) but not with insulin sensitivity. Moreover, change in WHR after metformin treatment was the only feature associated with the reduction in serum hs-CRP reported after treatment. This finding differs from the results reported by Moran et al. in a similar setting (39) . These authors reported that a moderate weight loss did not affect hs-CRP levels in obese PCOS women despite a significant reduction in waist circumference, in contrast with findings in nonhyperandrogenic women. Again, these discrepancies are not easily explained. However, these data suggest that other mechanisms, besides body fat and fat distribution, may explain the increase in serum hs-CRP reported in women with PCOS.
Most women with PCOS, either lean or obese, have insulin resistance and hyperinsulinemia. As insulin has a physiologic inhibitory effect on acute-phase protein synthesis in the liver (40) , hepatic insulin resistance is expected to lead to increased synthesis of hs-CRP.
The characteristics of hyperandrogenic women we studied and the methods we used allowed us to assess the role of PCOS status independently of the effect of body fat excess and hyperandrogenemia and to accurately assess the effect of insulin resistance on hs-CRP levels. We found that increased serum hs-CRP is a specific feature of PCOS women, and that both body fat and insulin resistance independently predicted this finding. In our study, hyperandrogenic women not fulfilling PCOS diagnosis did not show differences from controls in terms of serum hs-CRP. These data agree with those by Carmina et al. in the only previous study that measured serum hs-CRP levels in HA women (18) .
As body fat was similar in the two groups of hyperandrogenic women and fat mass was the main predictor of serum hs-CRP, these findings suggest that obesity may have a distinctive adverse effect in PCOS subjects. In actual fact, consistent with data from Holte et al. (41), we found a significant interaction between the PCOS or non-PCOS status, and the relationship between body fat and insulin sensitivity. In other words, fat excess showed a greater impact on insulin resistance in PCOS subjects than in women with a similar degree of androgen excess but without the typical characteristics of PCOS. The mechanisms enhancing in PCOS women the adverse effect of body fat on the inflammatory status remain elusive. Some recent studies reported a striking increase in the prevalence of nonalcoholic fatty liver disease (NAFLD) in PCOS women (42) . Interestingly, there is now evidence suggesting that NAFLD per se may aggravate insulin resistance through the release of proinflammatory mediators, including CRP and inflammatory cytokines, and intrahepatic fat per se (43) . Moreover, we recently found that PCOS subjects with increased serum alanine aminotransferase concentrations, a surrogate measure of NAFLD, have an impaired insulin sensitivity, independent of the effect of age and adiposity, as compared with subjects without abnormalities in serum alanine aminotransferase (44) . We could thus speculate that NAFLD could be the link between body fat, insulin resistance, and inflammation in PCOS women. However, further research is needed to verify this hypothesis. Interestingly, in our study, serum hs-CRP was correlated with the impairment in the ability of insulin to stimulate glucose oxidation and to suppress fatty acid oxidation. This finding is consistent with the notion that an increased availability and utilization of fatty acids as a preferential fuel in the liver and in other tissues may favor inflammation, insulin resistance, and NAFLD (45) .
In the whole sample of hyperandrogenic women, we failed to observe any independent effect of serum androgens in explaining serum hs-CRP variance. Interestingly, hs-CRP was negatively correlated with serum testosterone but positively correlated with some endocrine features typical of ovarian hyperandrogenism, such as the GnRH-stimulated 17-hydroxyprogesterone levels and the LH/FSH ratio. Furthermore, when the analysis was carried out only in lean women, testosterone was an additional independent variable associated with serum hs-CRP. To the best of our knowledge, no previous studies assessed in multivariate analyses the independent effect of serum androgens on hs-CRP levels, although in simple correlation analyses different results were reported (12, 15, 20) . These findings as well are not easily explained. Interestingly, studies carried out in animal models reported a protective effect of androgens on oxidative stress and chronic inflammation (46, 47) . Based on these findings, we could hypothesize that androgens have a direct antiinflammatory effect, but that this action is masked in PCOS women by the prevalent effect of fat mass and insulin resistance. This speculation could explain why their role arises only in lean women, when the effect of adiposity is blunted. Consistently, previous studies reported that serum androstenedione and testosterone were inversely associated with intima-media thickness in pre-and postmenopausal women (48, 49) . We could also speculate that the protective effect of androgens on inflammation might contain the increase in the risk of cardiovascular events that is expected in PCOS women, considering the many metabolic abnormalities they have. In this respect, there are limited and controversial data on the actual risk of cardiovascular disease in these subjects (50) . However, this speculation does not exclude that the net effect of androgen excess on cardiovascular risk may be deleterious in these subjects. On the contrary, the increased serum hs-CRP levels we found in our PCOS women, despite the negative association between androgens and this feature, suggest that the overall effect of PCOS on the inflammatory status was adverse. Interestingly, in a recent paper by Shaw et al. (51) carried out in postmenopausal women evaluated for suspected ischemia, women with clinical features of PCOS, defined by a premenopausal history of irregular menses and current biochemical evidence of hyperandrogenemia, showed an increased 5-year risk of cardiovascular events. Remarkably, in PCOS women with high hs-CRP levels, this risk was as much as 12.2-fold higher than in non-PCOS subjects with normal hs-CRP.
After inclusion of LH/FSH ratio and blood pressure as independent variables in the multivariate analyses, insulin sensitivity was no longer an independent predictor of inflammation. On the other hand, in the whole population and in the hyperandrogenic sample, LH/FSH ratio and free testosterone were associated with serum hs-CRP. The meaning of this finding is not readily explained. Interestingly, recent data showed that insulin sensitivity might modulate the regulatory effect of androgens on gonadotropin-releasing hormone pulse generator activity in women (52) , suggesting an interaction between insulin action, androgen levels, and gonadotropins secretion. However, further research is needed to confirm this finding and to establish the direction of relationships in this complex biological network.
The strengths of the study rely on the large sample of hyperandrogenic women, on the quantitative assessment of body fat, and, more importantly, on the direct measurement of insulin resistance by the gold standard method. However, there are also some limitations to our study. First, the measurements of serum androgens, obtained by commercial methods, were not accurate. Therefore, conclusions about the role of androgens cannot be definitive. Second, since PCOS subjects without ovulatory dysfunction and without hyperandrogenism were not included in the study, we cannot establish whether subjects with these phenotypes behave as the classical and more common PCOS phenotype in terms of inflammatory status. Furthermore, age was different between groups. However, these differences were small and data were adjusted for these differences. Another limitation of the study is in the differences in sample size between groups, which could have limited our ability to recognize in HA women and healthy control subgroups some correlations between serum hs-CRP and other variables.
In conclusion, low-grade chronic inflammation is a specific feature of young PCOS women, suggesting an increased cardiovascular risk in these subjects. Body fat appears to be the main factor responsible for the association between PCOS and serum hs-CRP, with the independent contribution of insulin resistance. At least in lean women, androgen excess per se seems to play an additional, possibly protective, role in this association. However, this does not exclude that androgens might have an overall adverse effect on the cardiovascular risk of these subjects.
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